Early observations on the morphology of total exogastrulae from urodeles (Axolotl) had provided evidence for essential vertical signalling mechanisms in the process of neural induction. Conversely, more recent studies with anurans (Xenopus laevis) making use of molecular markers for neural-speci®c gene expression appear to support the idea of planar signalling as providing suf®cient information for neural differentiation along the anterior-posterior axis. In an attempt to resolve this apparent contradiction, we report on the comparative analysis of morphology and gene expression characteristics with explants prepared from both urodeles (Triturus alpestris) and anurans (Xenopus laevis). For this purpose, we have made use of a re®ned experimental protocol for the preparation of exogastrulae that is intended to combine the advantages of the Holtfreter type exogastrula and the Keller sandwich techniques, and which we refer to as pseudoexogastrula explants. Analysis of histology and expression of several neural and ectodermal marker genes in such explants suggests that neural differentiation is induced in both species, but only within the intermediate zone between ectoderm and endomesoderm. Therefore, experiments with Xenopus and Triturus explants described in this communication argue against planar signalling events as being suf®cient to generate a speci®c anterior/posterior neural pattern. q
Introduction
The classical Einsteck-experiment (Spemann and Mangold, 1924) and the data from total exogastrulae (Holtfreter, 1933) had suggested that vertical signals are transmitted between involuting chordamesoderm (Spemann organizer) and the overlying neuroectoderm during early phases in the induction of the central nervous system. Holtfreter discovered that in hypertonic medium the ectoderm of Axolotl embryos (urodeles) separates from the endomesoderm, remaining joined by a small bridge of tissue only. Under these experimental conditions Holtfreter was not able to identify neural tissue, and he concluded that vertical signals are essential for neural induction. In contrast to these results with Axolotl, later observations revealed that the expression of neural speci®c genes in Xenopus (anurans) is induced in exogastrulae, in isolated dorsal blastopore lip with adjacent ectoderm (open-face explants) and in Keller- sandwiches. These results appear to suggest that planar (horizontal, tangential) signals are transmitted at the late blastula or early gastrula stage between the dorsal mesoderm (Spemann organizer) and the adjacent ectoderm, and that they are suf®cient to generate the regular anteriorposterior pattern of neural gene expression (Dixon and Kintner, 1989; Keller, 1991; Doniach, 1992; Doniach et al., 1992; Ruiz i Altaba, 1992; Uchiyama and Otsuka, 1995) .
On the other hand, a number of different investigations support the idea that the normal induction process requires interaction between ectoderm and the underlying mesoderm during gastrulation and neurulation (Sharpe and Gurdon, 1990; Saint-Jeannet and Dawid, 1994; Grunz et al., 1995; Nieuwkoop and Koster, 1995; Aberger et al., 1996; Penzel et al., 1997) . The exact correlation of these studies is dif®-cult to establish, at least in part because of the use of distinct amphibian species, such as Rana, Triturus, Ambystoma and Xenopus. Some of the discrepancies described are likely to be the result of signi®cant morphological differences between urodeles (newts) and anurans (frogs, toads) (Asashima and Grunz, 1983; Grunz, 1985; Delarue et al., 1992; Bolker, 1994) (Fig. 1A,B) . Species speci®c differences in the timing of competence and progression of embryonic development are well known to exist. It is, for example, very important in which exact phase of gastrulation (stages 102, 10 or 101; Nieuwkoop and Faber, 1956 ) the preparation of Keller-sandwiches or open-face explants is being performed. Furthermore, even though in hypertonic medium Xenopus embryos will also develop into exogastrula-like structures, they cannot be compared with Axolotl exogastrulae. The endomesoderm of Xenopus, which was recently demonstrated to participate in head formation (Bouwmeester et al., 1996) , is already internally located before the onset of gastrulation, coming into direct contact Fig. 1 . Comparison of the anlagenplan of Anura (Xenopus laevis) and Urodela (Triturus alpestris) and the preparation of pseudoexogastrulae (A1) Sagittal section of a very early Xenopus gastrula (stage 10; Nieuwkoop and Faber, 1956) . In contrast to Triturus the ectoderm consists of two cell layers (super®cal and deep [sensorial] cell layer). The head mesoderm and the leading edge of the endoderm (red), which give rise to foregut, liver and anterior midgut is localized opposite to the overlaying neuroectoderm. In this neuralizing signals could reach the overlaying ectoderm by vertical signals before and at the very beginning of gastrulation. (A2) Anlagenplan of an early Xenopus gastrula. The zone of prospective central nervous system (blue) is much smaller than in Triturus alpestris (compare with B2) and is situated opposite to the internal endomesoderm. (B1) Sagittal section of a very early Triturus alpestris gastrula. The ectoderm consists of cell layers with intercalating cells. In contrast to Xenopus there exists no distinct super®cial and sensorial layers. Very important is the fact that in contrast to Xenopus the mesoderm is located at the surface of the embryo at this developmental stage (Delarue et al., 1992; Yamamoto and Suzuki, 1994) . (B2) Anlagenplan of early Triturus gastrula. The zone of dorsal ectoderm (neu) is much larger than in Xenopus. (A1 modi®ed after Hausen and Riebesell, 1991; A2 modi®ed after Suzuki and Harada, 1988 ; B1 drawing after an own Triturus alpestris section). (C1±3) Schematic drawings of the procedures for preparing Triturus and Xenopus pseudoexogastrulae. The ectoderm of an early gastrula of Triturus alpestris or Xenopus laevis (1) is separated from the endomesoderm by microdissection. A bridge remains between the ectoderm and endomesoderm in the area of the blastopore (2). If the pseudogastrula is not covered by a ®lter paper, a partial curling up and an invasion of mesoderm into the ectodermal part cannot be excluded (3). Therefore we covered the material with a tiny piece of ®lter paper immediately after dissection (see D1, lower part) (D) Preparation of Xenopus pseudoexogastrulae. The upper panel shows a freshly prepared Xenopus pseudoexogastrula explant. After dissection the gastrula will be covered with a piece of sterile ®lter paper. It is heavy enough to exert a soft pressure on the explant. (E) Triturus pseudoexogastrula after 7 days culture at 218C. The ectodermal part has differentiated into wrinkled tissue, atypical epidermis, while the endomesodermal part has formed a compact sphere with a small tail-like protrusion. Lower part shows a control sibling embryo.
with the ectoderm prior to involution of the mesoderm. Of central importance is the fact that in Xenopus exogastrulae in contrast to Axolotl a partial involution of the endomesoderm takes place prior to the ®nal separation of the ectoderm and endomesoderm. This could be shown in our series using Cerberus as a marker (see Sections 2 and 3). Therefore, vertical signalling cannot be excluded to occur prior to exogastrulation or preparation of Keller-sandwiches (Grunz, 1996) .
In an attempt to solve at least some of these apparent contradictions, we have undertaken a comparative analysis of neural differentiation with anuran (Xenopus laevis) and urodelean (Triturus alpestris) exogastrulae. For this purpose, a modi®ed protocol for the preparation of explants, purposely avoiding contact of mesoderm and ectoderm, was employed, which intends to combine the advantages of the Keller-sandwich and Holtfreter-exogastrula methods. The characterization of morphology and gene expression in these explants, referred to as pseudoexogastrulae, argues against planar signalling as de®ning a mechanism suf®cient for anterior-posterior neural patterning.
Results

Preparation of pseudoexogastrulae from Xenopus laevis and Triturus alpestris embryos
In very early (stage 10) Xenopus gastrulae, head mesoderm and the leading edge of the endoderm, which will give rise to foregut, liver and anterior midgut, are already underlying the prospective neural plate (Fig. 1A1) . In contrast, very early gastrula stage embryos from Triturus alpestris have their endomesoderm localized externally. (Fig. 1B1) . In order to prevent persistent physical contact between endomesoderm and ectoderm, the ectodermal portion of Xenopus laevis and Triturus alpestris early gastrula stage embryos was separated from the endomesoderm by microdissection (Fig. 1C) . We refer to this procedure as preparation of pseudoexogastrula explants.
In the Xenopus explants, which were prepared at stage 9/ 10, a cellular bridge remained between the dorsal mesoderm and the neighbouring ectoderm. Pseudoexogastrulae were covered with a piece of ®lter paper for 24 h in order to prevent curling (Fig. 1D ). Tiny pieces of ®lter paper appear to be superior to glass slides as a cover, since they provide better access to culture medium and they allow for oxygen/ metabolite exchange. A total of 50 pseudoexogastrulae was prepared from Xenopus embryos and processed for either whole-mount in situ hybridization or histological analysis.
The pseudoexogastrulae from Triturus alpestris embryos grown to the equivalent of Xenopus stage 9/10 were prepared in a similar way (50 samples). Propagation of Triturus explants was about three times longer than with Xenopus explants, since development of such urodelean embryos is much slower. After 48 h, when the endomesodermal part was well separated from the ectodermal portion, the ®lter paper was carefully removed from the explant. Such samples were then subjected to whole-mount in situ hybridization, RT-PCR analysis or cultured for further 6 days ( Fig. 1E ) for histological analysis.
Analysis of histology and gene expression patterns in pseudoexogastrulae versus Holtfreter exogastrulae from Xenopus
Pseudoexogastrulae as well as Holtfreter exogastrulae were prepared from Xenopus embryos and examined by traditional histology. In all pseudoexogastrulae analyzed, notochord and somites were formed within the endomesodermal portion of the explants. The main part of the ectoderm differentiated into atypical epidermis. Cement gland and some neural structures were identi®ed within the intermediate zone, but only at the ectodermal/endomesodermal interface and in close proximity to notochord (Fig. 2A1) . In sharp contrast to these results, histological analysis of Holtfreter exogastrulae revealed that cement gland, a significant amount of brain-like neural tissue and, in some cases, partial eye structures were formed in the distal part of the ectodermal portion within these explants (Fig. 2A2) . These results are in contrast to the recent statement of Brewster and Dahmane (1999) that eye structures were never found in exogastrulae, because they are the result of vertical signals.
Pseudoexogastrulae and Holtfreter exogastrulae from Xenopus were also compared in respect to the expression of a set of different neural marker genes, which re¯ect anterior-posterior patterning. In addition, a cement gland marker, termed XAG2 (Aberger et al., 1998) , was utilized in order to test for the regionalization of the non-neural ectoderm (Fig. 2B) .
A strong XAG2 signal was detected in the most distal (anterior) part of the Holtfreter exogastrulae (8 out of 11 samples). Conversely, only two such explants, which equally exhibited the typical elongation between ectoderm and endomesoderm, had a weak XAG2 signal in the central portion of the endomesoderm. Another one of these Holtfreter exogastrulae, which had the ectodermal part differentiated into wrinkled atypical epidermis, exhibited a very weak XAG2 signal within the intermediate zone (Fig.  2B1) . In contrast to these slightly varying results obtained with Holtfreter exogastrulae, without a single exception pseudoexogastrulae (11 explants analyzed) had strong XAG2 expression induced exclusively within the intermediate zone of ectoderm and endomesoderm and extending into the ectodermal portion (Fig. 2B2) .
Otx2, which is normally expressed in the developing forebrain (Pannese et al., 1995) and thus the anterior-most neural marker employed here, was detected in the most distal (anterior) region of the Holtfreter exogastrulae (Fig.  2B3 ). Of special interest is the observation that among 12 such explants tested, two were totally negative for Otx2 in the ectodermal portion. One of these, also displaying typical elongation between ectoderm and endomesoderm, gave only a weak Otx2 signal in the proximal part of endomesoderm (data not shown). The other one, of which the ectodermal part failed to elongate but formed wrinkled tissue like atypical epidermis, showed a weak Otx2 signal at the distal end of endomesoderm (Fig. 2B3) . In stark contrast and as observed with XAG2, pseudoexogastrulae (18 explants analyzed) had strong Otx2 expression induced exclusively at the intermediate zone between ectoderm and endomesoderm and extending into the ectodermal portion (Fig. 2B4) .
Krox20 expression demarcates rhombomeres 3 and 5 within the prospective hindbrain area (Wilkinson et al., 1989) . Of 19 Holtfreter exogastrulae tested, 14 samples had a single group of Krox20 positive cells in the central area of the ectodermal portion ( Fig. 2B5 ), three explants exhibited two stripes of Krox20 staining (data not shown) and two were totally devoid of a Krox20 speci®c signal. In contrast, all pseudoexogastrulae tested (15 explants) uniquely exhibited a single Krox20 band at the ectoderm/ endoderm junction (Fig. 2B6 ).
The posterior neural (spinal cord) marker Xhoxb9 (Wright et al., 1990) was detected mostly within the intermediate zone of both Holtfreter exogastrulae (eight samples analyzed; Fig. 2B7 ) and pseudoexogastrulae (11 explants analyzed; Fig. 2B8 ).
Finally, we also analyzed the expression pattern of the multifunctional signalling inhibitor Cerberus in Holtfreter exogastrulae and pseudoexogastrulae, which is activated in normogenesis in the anteriormost part of the endomesoderm (Bouwmeester et al., 1996) . The results of in situ hybridization with Cerberus in pseudoexogastrulae are in agreement with the ®ndings of the other markers used in this paper, i.e. expression is found to be restricted to the intermediate zone between endomesoderm and ectoderm or even in the endomesodermal part only (Fig. 3C,E) . In Holtfreter exogastrulae the signals are also never found in the ectodermal part after completed exogastrulation (Fig. 3D ). In the early phase of exogastrulation (normal siblings in stage 10) signals are found in the endomesoderm, but also internally at the¯oor of the blastocoel close to the blastoporus (Fig. 3B) . The Xenopus Holtfreter exogastrulae behave similar to normal embryos during the early phase of gastrulation, i.e. a partial involution occurs prior to the ®nal total exogastrulation. In summary, both Holtfreter exogastrulae and pseudoexogastrulae exhibit expression of all molecular markers employed, re¯ecting different aspects of neuroectodermal patterning. However, whereas in Holtfreter explants the expression characteristics of neural genes mostly re¯ected the normal pattern of anterior-posterior axis formation (as reported earlier by Ruiz i Altaba, 1992), neural differentia- (Holtfreter) exogastrulae and pseudoexogastrulae. (A1) Sagittal histological section of a Xenopus pseudoexogastrula. The explant has been cultured for 3 days before ®xation. It shows that the distal part of ectoderm mainly differentiated into atypical epidermis (ae), while notochord (no) and yolk-rich cells (yo) were derived from endomesoderm. Cement gland (ce) and neural tissues (neu) were formed only in the intermediate zone joining endomesoderm and ectoderm. (A2) Sagittal histological section of a Xenopus 3 day old complete exogastrula. It shows neural structures (neu) along the anteroposterior axis of the ectodermal part. Notochord (no), somites (so) and yolk-rich cells (yo) were formed in the endomesoderm part. (B1,2) Expression of XAG2 in Xenopus complete exogastrulae and pseudoexogastrulae respectively. In most cases, a strong XAG2 signal was detected in the most anterior ectodermal part of complete exogastrulae. In pseudoexogastrulae, however, a strong XAG2 signal was observed in all cases in the area close to the intermediate zone only. (B3,4) Comparison of Otx2 expression in Xenopus normal exogastrulae and pseudoexogastrulae. A strong Otx2 signal was detected in most cases in the most anterior end of the exogastrulae. Only one exogastrulae showed totally negative Otx2 signal in the ectoderm part, but only a weak Otx2 signal at the distal end of endomesoderm. In contrast, in pseudoexogastrulae strong Otx2 signals were detected in the intermediate zone only. (B5,6) Comparison of Krox20 expression in Xenopus normal exogastrulae and pseudoexogastrulae. Discrete Krox20 signals were detected in the middle area of ectoderm in complete exogastrulae (B5). In contrast, similar Krox20 bands were only observed in the exactly intermediate zone of pseudoexogastrulae (B6). (B7,8) Comparison of Xhoxb9 expression in Xenopus normal exogastrulae and pseudoexogastrulae. The spinal cord marker Xhoxb9 is expressed more posteriorly in comparison with other markers tested in both complete exogastrulae and pseudoexogastrulae. In some complete exogastrulae, the Xhoxb9 stripe is very similar to that in a normal embryo (B7, asterisk). In pseudoexogastrulae, however, the Xhoxb9 signals showed spot-like characteristics close to the intermediate zone between ectoderm and endomesoderm. tion in pseudoexogastrulae was found to be exclusive to the interface area of ectoderm and endomesoderm.
2.3. En2 expression can be induced within both ectoderm and endomesoderm of Holtfreter exogastrulae but not in pseudoexogastrulae En2 serves as a molecular maker for the midbrain/hindbrain boundary (Hemmati-Brivanlou et al., 1991) . As with all other neural genes tested in pseudoexogastrulae, En2 expression is found to be restricted to the intermediate zone of ectoderm and endomesoderm in every one such explant (22 samples analyzed; Fig. 4A2 ). In contrast, En2 expression in complete exogastrulae showed three different characteristics. In 63% of these explants (19 of 30), a discrete band of En2 signal was observed in the anterior part of the ectodermal portion (Fig. 4A1,B1,B2 ). Interestingly, a second, spot-like and more diffuse En2 signal was present at the distal end of endomesoderm of most of these exogastrulae (17 of 30; Fig. 4A1,B2 ). However, after a further 2 days culture, no neural cell types can be detected within the endomesodermal part as determined by histological analysis (n 20; Fig. 4B4 ). In 30% of the explants (9 of 30), the En2 signal was completely absent in the ectodermal part, only the spot-like, diffuse signal was observed at the distal end of the endomesoderm (Fig. 4B3) . Endomesodermal expression of En2 in Holtfreter exogastrulae was not reported by Ruiz i Altaba (1992).
Finally, it seems important to point out that we observed a high degree of variation with Holtfreter explants, both in respect to the extent of separation between ectoderm and endomesoderm and also in respect to the degree of mesoderm involution that had occurred during exogastrulation. As described in Ruiz i Altaba (1992), only exogastrulae possessing typical head mesoderm protrusions opposite to the ectoderm, as well as a long and thin mesodermal neck were chosen for further analysis. In contrast to such Holtfreter exogastrulae, pseudoexogastrulae exhibited only minor variation in their morphology and all the explants could be used without any further selection (see Section 4).
Neural differentiation in pseudoexogastrulae from Triturus alpestris
Triturus pseudoexogastrulae were analyzed by histology and whole-mount in situ hybridization. While the ectodermal part differentiated into a tissue with wrinkled surface indicative of atypical epidermis, the endomesoderm developed into a compact form, sometimes with tail-like structures (Fig. 1E) . Sections identify notochord, somites and yolk-rich tissue in the endomesodermal part, while the ectodermal part has differentiated into atypical epidermis. Similar to the results with Xenopus explants, neural structures could only be identi®ed in the intermediate zone close to notochord (Fig. 5A) .
We also performed whole-mount in situ hybridization using En2 as a neural speci®c probe (a Triturus [Cynops pyrrhogaster] En2 partial cDNA probe from Dr. Takabatake). As with the corresponding Xenopus pseudoexogastrulae, the En2 signal is never found in the distal part of these explants, but only in the close apposition to the endomesoderm (Fig. 5B1) .
As a further neural marker, we isolated and utilized a partial Pax6 encoding cDNA (see Section 4 for details). In tailbud stage Triturus embryos, Pax6 gene expression is most pronounced in the evaginating eye vesicle, the midbrain area and, more weakly, along the spinal chord (data not shown). However, the signal obtained was rather faint and diffuse in such Triturus embryos. Sections prepared from neurula stage Triturus embryos that had been stained for Pax6 expression con®rm that RNA levels are highest in the anterior portion of the developing neural (Holtfreter) and pseudoexogastrulae. Fig. 3A1 shows complete exogastrulae which displayed frequently two En2 domains. One is a discrete band which was detected in the anterior part of ectodermal portion of the exogastrulae. The second one is a diffused spot-like domain in the distal end of endomesoderm. In contrast the expression in complete exogastrulae, is always detected as a discrete En2 band in the intermediate zone between ectoderm and endomesoderm only (A2). (B1) Complete exogastrulae (1 of 30) showed a discrete En2 band only in the anterior part of ectoderm. (B2,4) In 63% cases (n 30), a discrete band of En2 signal was observed in the anterior part of ectodermal portion of the exogastrulae. Simultaneously, a second spot-like En2 signal was present in the distal part of endomesoderm. However, after further two days culture, no neural structures are found in the endomesodermal part by histological analysis ( Fig. 3B4 ; 20 samples analyzed). Only notochord (no), somites (so) and yolk-rich cells (yo) can be seen. (B3) In 9 cases, En2 signal was complete negative in the ectodermal part, only a spot-like signal was observed in the distal end of endomesoderm. tube (Fig. 5B2) . Whole-mount in situ staining of Triturus pseudoexogastrulae for Pax6 expression did not reveal any speci®c signals above background. This could be due to the lower sensitivity/higher background staining, as already observed with the whole Triturus embryo upon application of an experimental protocol that has been optimized for Xenopus embryos. Therefore, we used RT-PCR analysis to assay further and with a higher level of sensitivity for Pax6 expression in the Triturus explants. One pseudoexogastrula with well separated ectodermal and endomesodermal portions and only a small joining bridge was selected for RNA preparation. By RT-PCR, we detect a Pax6 speci®c signal in both the control embryo of the equivalent stage and in the pseudoexogastrula (Fig. 5B3) .
Taken together, these observations support the idea that, in similarity to the results obtained with the corresponding Xenopus explants, Triturus pseudoexogastrulae have the capacity to differentiate into neural tissue, but only at the interface between ectoderm and endomesoderm.
Discussion
A comparative analysis of Xenopus and Triturus pseudoexogastrulae reveals neural induction in such explants, both on the basis of histological criteria and by the patterns generated with various neural speci®c molecular markers. The fact that neural differentiation can only be detected in cells of ectodermal origin which are located in close proximity to the endomesodermal boundary is in contrast to results obtained with Xenopus Holtfreter exogastrulae and argues against long range planar signalling to occur in these explants.
In contrast to results reported by Holtfreter (1933) , our study with pseudoexogastrulae clearly identi®es a subset of neural structures in urodelean explants in the absence of contact between involuting mesoderm and overlying ectoderm. However, we suppose that Axolotl embryos, as utilized by Holtfreter, are more suitable for generating total exogastrulae in hypertonic medium. Axolotl embryos are particularly heavy and yolk-rich, and a strict separation of the endomesoderm and ectodermal takes place already during the midblastula transition. Furthermore, the bridge between the endomesoderm and the ectoderm can be so delicate that neuralizing signals emanating from the endomesoderm might remain below a critical threshold concentration. This situation may be the reason why neural induction was not observed in Axolotl exogastrulae by Holtfreter (1933) . In contrast, the involution tendency of Triturus alpestris embryos is so pronounced that a corresponding exogastrulation process is prevented from taking place upon simply placing the embryos in hypertonic medium. Such problems with Triturus embryos were already mentioned by Holtfreter (Personal communication between Viktor Hamburger and Horst Grunz during a visit in St. Louis, 1996) .
Complications that come from the use of Xenopus embryos for exogastrulation experiments have been discussed in detail elsewhere (Grunz et al., 1995; Nieuwkoop and Koster, 1995; Grunz, 1996) . In contrast to the Axolotl exogastrulae of Holtfreter, where the endomesoderm starts to separate as early as in middle to late blastula stages, the corresponding separation in Holtfreter exogastrulae prepared from Xenopus embryos occurs not before partial mesoderm involution has already taken place (see Fig. 3 ). This may explain why an anteroposterior pattern of neural marker gene expression was generated (Ruiz i Altaba, 1992 and results reported in this communication). Even under our improved experimental conditions with pseudoexogastrulae, signal transfer between chordamesoderm and the ectoderm does not appear to be completely prevented as suggested by the observation that neural differentiation occurs at the interface between ectoderm and endomesoderm.
In this study, we have performed a comparative analysis of different molecular markers in Xenopus Holtfreter exogastrulae and pseudoexogastrulae. Although in the majority of Holtfreter exogastrulae marker gene expression was found to de®ne speci®c anteroposterior patterns as described earlier (Ruiz i Altaba, 1992), a signi®cant number of such explants was observed to behave differently. Absence of XAG2, Otx2, En2, Krox20 expression in the ectodermal part of these explants indicates that such an exogastrulation process can indeed result in a complete separation of ectoderm and endomesoderm; however, this occurs in a small number of cases only, which may have been overlooked in previous studies. In pseudoexogastrulae of either species, Xenopus or Triturus, formation of neural structures in the more distal part of the ectoderm is never observed. Taken together, our observations strongly argue against the notion that the anteroposterior expression pattern of different neural markers generated in Holtfreter exogastrulae from Xenopus is due to long distance planar signals. On the basis of our data there are now strong indications that signalling events occur prior to gastrulation. In contrast to earlier reports we checked not only the ®nal total exogastrulae after 48 h or longer, but also the ®rst steps of exogastrulation (siblings in stage 10, see Fig. 3 ).
Planar signalling would predict formation of neural structures in the more distal part of the ectoderm. This is not observed with pseudoexogastrulae from either species, Xenopus or Triturus. Similarly, by the use of open-face explants which had no ventral ectoderm included, we were able to demonstrate the absence of neural differentiation in the most distal part of the ectoderm in an earlier communication (Grunz et al., 1995) . The absence of neural structures in the distal portion of the explants could be due to the presence of activities counteracting neural induction. During normogenesis, secreted factors like BMP-4 appear to form a ventral-dorsal gradient in the ectoderm and could counteract the postulated planar signals in our pseudoexogastrulae emanating from the dorsal mesoderm.
By the preparation of arti®cial exogastrulae (pseudoexogastrulae) prior to the earliest phase of gastrulation we intended to exclude any inductive contacts between internal mesoderm and the overlying ectoderm in such explants from Xenopus embryos. In order to prevent curling, we covered the pseudoexogastrulae with a ®lter paper immediately after preparation. Otherwise, even in Keller-sandwiches or openface explants, there is the risk that vertical instead of the postulated planar signals could be transmitted to the ectodermal target cells. The advantage of the tiny pieces of ®lter paper is in that the surface is not as smooth as glass or plastic cover slides. Therefore, any curling and destruction of cells is minimized, and a free exchange of culture medium and oxygen is ensured.
The Cerberus protein has been de®ned as a signalling molecule secreted from the leading edge of the involuting endoderm (Bouwmeester et al., 1996) . It is likely to play an important role in the induction of anterior neural structures. Since the corresponding mRNA is found in the deep yolky cells long before the bottle cells of external blastopore lip start to ingress, the Cerberus protein could induce neural speci®c genes in the overlying neuroectoderm already at this early stage. Indeed we could detect Cerberus signals in early Xenopus exogastrulae still internally at the¯oor of the blastocoel (Fig. 3B) . Therefore, it is likely that Xenopus Holtfreter exogastrulae and Keller-sandwiches isolated at early gastrula (stage 10 or later) have already received an early neuralizing stimulus by vertical signalling prior to explant preparation. However, it must be pointed out that in the animal cap assay Cerberus mRNA strongly induces the pan-neural marker N-CAM and the forebrain-midbrain marker Otx2, but not the more posterior neural markers En2, Krox20 and Xhoxb9, which were found to be expressed in Keller-sandwiches (Doniach et al., 1992; Bouwmeester et al., 1996) . Other factors in addition to and cooperation with Cerberus could therefore be responsible for the induction of posterior neural gene expression observed under these conditions (Piccolo et al., 1999) . Thus, vertical signals originating from the head endoderm could be responsible for the primary steps of neural induction in Xenopus. Our observations from a comparative analysis with Xenopus and Triturus explants described in this communication provide further experimental evidence for this hypothesis and they argue against extensive planar signalling events.
Materials and methods
Xenopus embryos
Xenopus laevis eggs were obtained by injecting female frogs with 1000 IU human chorion gonadotropin (Schering AG, Berlin, Germany) prior to in vitro fertilization. The jelly coat was removed prior to ®rst cleavage by treating embryos with 2% cysteiniumchloride (pH 8.0) for 3±5 min depending on the temperature of the solution. The embryos were rinsed several times in Holtfreter solution and raised in Steinberg solution with penicillin/streptomycin. The vitelline membrane was removed mechanically with ®ne watchmakers' forceps.
Triturus alpestris embryos
Triturus alpestris embryos were obtained by natural spawning. The embryos were kept in tap water until they reached the desired stage. The jelly coat was opened by an irisdectomy knife. The vitelline membrane was removed by a ®ne watchmaker's forceps. Since Triturus develops more slowly than Xenopus, embryos and explants had to be raised for up to 10 days in Holtfreter solution at 20±218C.
Preparation of Xenopus and Triturus exogastrulae by microdissection (pseudoexogastrulae)
For the preparation of Xenopus pseudoexogastrulae, the whole ectoderm was mechanically separated from the endomesoderm at the very beginning of gastrulation (stage 9/10, ®rst indication of the blastopore formation as judged on the basis of pigment concentration only). A bridge remained between the dorsal mesoderm and the ectoderm. In some cases, Xenopus pseudoexogastrulae were also prepared from stage 10.5 embryos. Triturus alpestris pseudoexogastrulae were prepared by microdissection in the same way as in the Xenopus series. Freshly prepared arti®cial exogastrulae were covered with ®lter paper (Schleicher & Schuell) to prevent curling. This procedure prevents invasion of mesoderm into the ectodermal sac that could occur.
After 24 h (Xenopus) or 48 h (Triturus), the piece of ®lter paper was carefully removed. Most of the pseudoexogastrulae were ®xed in HEMFA for whole-mount in situ hybridization as described elsewhere (Harland, 1991; Oschwald et al., 1991 Oschwald et al., , 1993 . It should be pointed out that all pseudoexogastrulae showed a clear separation of ectoderm and endomesoderm, several with a very delicate bridge between ectoderm and endomesoderm like normal Holtfreter exogastrulae. Since they were very delicate (some disintegrated into two parts during the staining procedure) we selected those cases for photos, which were less elongated but intact. Several of the Triturus alpestris pseudoexogastrulae and normal embryos were immediately frozen and stored at 2708C for RT-PCR-analysis and preparation of the Triturus RNA. Other embryos were cultured for up to 3 days (Xenopus) or 7 days (Triturus) at 218C, followed by ®xation as above.
Preparation of Holtfreter exogastrulae from Xenopus
Holtfreter exogastrulae from Xenopus were obtained in principle as described (Ruiz i Altaba, 1992; Aberger et al., 1996) . The vitelline membrane of the embryos was removed at stage 7±8. In order to obtain complete exogastrulae, embryos were incubated in 1.1£ MMR in a Petri dish coated with BSA, keeping the vegetal pole in an upright position. The exogastrulae were cultivated until control siblings reached stage 23. Only exogastrulae that showed a clear separation between ectoderm and endomesoderm were selected for further studies. In our case, 50% of the exogastrulae from each preparation showed such morphological criteria.
RT-PCR techniques and isolation of a Triturus speci®c Pax6 cDNA
Total RNA from embryos or exogastrulae was isolated as described (Hollemann et al., 1996) . RT-PCR reactions were carried out with 0.5 mg each from RNA preparations of staged embryos using the Gene Amp RT-PCR Kit (PerkinElmer) under conditions suggested by the manufacturer. Degenerate primers were used to amplify Triturus Pax6-related sequences as follows: Tpax6-Fdeg (aa1±9) GAR-AARCARCARATGGGIGCIGAYGGIATGTA and Tpax6-Rdeg (aa 391±400) CATIGGYTGTGARTTCAT-RTGIG-TYTGCAT. A single PCR product of the expected size was obtained, gel puri®ed, cloned into pGEM-5T (Promega) and sequenced. The partial Tpax6 cDNA sequence is available under GenBank accession number U77178.
PCR ampli®cation with gene speci®c primers was done in a 100 ml reaction containing Tpax6_Fspe AGATC-GAGGCCCTGGAGAAAGAGT and Tpax6_Rspe TGGA-CCCGGACGTAAATGAAACAG as primers, resulting in a 276 nucleotides long DNA product. RT-PCR was carried out as described above except that 1 mCi of [a-32 P]dCTP was included in the PCR. Ampli®cation of Tpax6 transcripts was done for 25 cycles. One-tenth of each PCR reaction was analyzed on a 6% polyacrylamide gel under denaturing conditions. As a size marker 32 P-end-labelled 1-kb ladder (Gibco) was used. Dried gels were analyzed using a PhosphorImager and the ImageQuant 2.0 program (Molecular Dynamics).
Whole-mount in situ hybridization
Whole-mount in situ hybridization was done in principle as described (Harland, 1991) . Modi®cations of the published procedure included were as follows. Storage of ®xed embryos was in ethanol. Before antibody incubation embryos were washed twice, 5 min each in 0.15 mM NaCl, 0.1 M maleic acid (pH 7.5) (MAB) followed by incubation for one hour in the same buffer containing 2% Boehringer Blocking Reagent (Boehringer Mannheim) and for another 1 h in blocking buffer supplemented with 20% heat-inactivated goat serum (Gibco-BRL). Embryos were incubated for 4 h with anti-digoxigenin antibody (Boehringer Mannheim) diluted 1:5000 in blocking buffer containing 20% goat serum. They were then washed for 30 min in MAB with several changes of buffer. Incubations and washings were done at room temperature. Embryos were then incubated in an excess volume (50 ml) MAB at 48C overnight. After a ®nal wash in MAB at room temperature for 1 h embryos were processed for staining as described (Harland, 1991) .
Whole-mount in situ hybridization in the Triturus embryos was done in principle as described above. Modi®-cations were as follows: the proteinase K (10 mg/ml) treatment was carried out at 378C for 10±20 min and the hybridization was done at 608C for 48±72 h.
Histological procedures
Larvae, exogastrulae and pseudoexogastrulae were ®xed in Bouin's solution and processed as described elsewhere (Grunz, 1972) . Paraf®n-sections were counterstained with boraxcarmine/anilinblue. For the preparation of vibratome sections, embryos of the whole-mount in situ hybridization series were equilibrated in PBS containing 4.4 mg/ml gelatin, 0.27 g/ml BSA, 0.18 g/ml sucrose. After equilibration, embryos were mounted by cross-linking the solution with glutaraldehyde. Sections (30 mm)were taken with a Vibratome 1000 (Technical Products International Inc.) and mounted onto gelatin-coated slides.
Photographs of histological sections were taken on a Zeiss Axiophot using Nomarski interference optics or a Leitz Orthoplan. Macroscopic photographs were taken with a Zeiss-Stereomicroscope. Pictures were imported into Adobe Photoshop and printed on a dye sublimation printer 8685 (Kodak).
